Recombinant antibody fragments are emerging as a versatile tool in both basic research and medical therapy. We describe the procedures for direct labeling of engineered antibody fragments (Fv) with fluorescein or nanogold and their use in fluorescence and immunoelectton microscopy, respectively. The Fv fragments were produced in Escherichia coli, purified by one-step Strep tag affinity chromatography, chemically labeled with the marker, and employed in microscopy to localize epitopes on the membrane protein baaeriorhudopsin in purple membranes of Halobacterium halobium and the cytochrome c oxidase of Paracorrus denitrif?cans. In both cases, methods involving directly labeled antibody fragments show results identical to those in ' which antibodies or Fv fragments are detected by a secondarily labeled conjugate. The multifunctional design of the recombinant Fv fragments, however, offers more all-around applications in immunocytochemistry. The directly labeled Fv fragments, half the size of an Fab fragment, are at the molecular level the smallest antibody fragments yet described for visualization of biomoldes in miaoscopy. (] Hisrochem  Cytochem &:207-213, 1%) 
Introduction
Antibodies are Y-shaped adaptor molecules (IgG class) combining specific and high affinity for target molecules with functional coupling to other systems (1). Initially, only polyclonal antibodies were available, although with the advent of continuous cultures of fused cells secreting antibody of predefined specificity, a generally applicable method for producing monoclonal antibodies (MAbs) in unlimited amounts became available (2). This had a great impact on histochemistry and immunocytochemistry. Antibody fragments [Fv, Fab, Fab, F(ab)z, F(ab)2] can be produced by proteolytic cleavage of whole antibodies, cloned and engineered from established hybridoma cell lines [Fv (3) , scFv (4), Fab ( 5 ) , diabodies (6)], or derived from emerging technologies such as phage display libraries [SCFV, Fab (7, 8) ]. Fv fragments (MW z26-28 KD), the noncovalently associated VH (MW =13-14 KD) and VL (MW =12-13 KD) variable domains of antibody molecules, are the smallest fragments that retain full monovalent binding compared to the univalent affinity of the whole antibody (3) . However, because of the bivalency of an MAb molecule, avidity effects are often observed in microscopy experiments.
Engineered antibody fragments have various applications. These include use as immunotoxins in tumor therapy (9), in the immune complex chromatographic purification of biomolecules (lo), and in the co-crystallization of membrane proteins (11) . They have also been employed in immunoelectron microscopy (EM) (12) . although until now the use of such fragments required labeled secondary conjugates for visualization. We describe here the direct conjugation of antibody Fv fragments to fluorescein or nanogold labels and their application to the one-step detection of molecules in microscopy.
Materials and Methods
Sample Preparation and Hybridoma Cell Lines. Purple membranes (PMs) isolated from Halobacterium halobzum strain S9 were obtained from Prof. Oesterhelt. Martinsried. PMs, spheroplasts of Paracoccus denitrt'jicans, and hybridoma cell lines were prepared as described (12) .
Surface Plasmon Resonance. The kinetic rate constants of the molecular interaction between the antibody and the antigen were determined using the BIAcore system (Pharmacia Biosensor; Uppsala, Sweden) according to application note 301. Measurements were carried out in the presence of two times the critical micellitation concentration (CMC) of detergent, i.e., N-dodecyl p-D-maltopyranoside in the case of the cytochrome c oxidase and for the analysis of bacteriorhodopsin octyl b-D-thioglucopyranoside.
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Sensorgrams and data were processed with the BIAevaluation software supplied by the manufacturer.
Cloning and Production of Fv Fragments. Cloning. production. purification. and characterization of engineered Fv fragments for IEM were performed as described previously (10. 12). Briefly. the RNA coding for the variable domains of the established hybridoma-derived MAbs was prcpared and transcribed into cDNA. The cDNAs coding for the VI. and Vti chains of the Fv fragment were amplified by the polymerase chain reaction (RT-PCR or inverse PCR) and cloned into the synthetic dicistronic operon of pASK68 (IO) for sequencing. expression, and production of Fv fragments in E. coli K12 strain JM83 (13). The operon in plasmid pASK68 is under transcriptional control of the IPTG (isopropyl B-D-thiogalactopyranoside)inducible lac promoter. Both variable antibody chains of the Fv fragment are preceded by signal sequences to direct secretion to the periplasmic space of E. coli. The sequences coding for the affinity peptides Strep tag and c-myc tag are fused to the 3'side of the VH and VI. chains, respectively.
Fv fragments used for [EM were purified by Strep tag affinity chromatography from the periplasmic fractions of induced bacteria transformed with pASK68 derivatives (14) .
Labeling Reaction and Purification of Conjugates. Purified Fv fragments were dialyzed against PBS (IO mM phosphate buffered saline, pH 8. 138 mM NaCI. 2.7 mM KCI). concentrated. and the total amount of protein calculated from the 1Iv absorbance at 280 nm. relevant extinction coefficients Microscopy. For electron microscopic preembedding immunostaining. spheroplasts from P denitri5cuns and PMs from H. hulobium were fixed with 1% glutaraldehyde in PBS. Spheroplasts were absorbed for 1 hr onto glass slides coated with 0.01% poly-L-lysine [Sigma P8920 (MW ~1 5 0 . 0 0 0 -300.000); Deisenhofen. Germany]. whereas PMs were enclosed in 4% agar-agar. from which slices ofabout 17 p m were prepared. Both adsorbed spheroplasts and PM in agar-agar slices were treated sequentially at room temperature (RT) with PBS, 2% glycine in PBS (30 min). 1% BSA (albumin. bovine) in PBS (IO min), 0 . 1 1 BSA in PBS (mice for 5 min), and finally incubated overnight in the cold (4°C) with the nanogold-coupled antibody fragments (7E2 Fv and 22A5 Fv). The next day. after washing offof unbound Fv fragments with PBS (four times for 5 min). the samples were refixed with 1% glutaraldehyde in PBS (30 min, RT). After refixation. the samples were washed with water (twice for IO min) and the nanogold label was enhanced using the Amersham Buchler (Braunwhweig, Germany) silver enhancement kit. The two components of the kit were cooled on ice and mixed (1:I) as recommended by the producer. The cold solution was added to the nanogold-labeled samples (RT). and the reaction was stopped after 2 min (spherop1asts)or after 3 min (PMs) by washing with wafer (twice for 10 min. RT). Before dehydration with ethanol. furacoccrrs cells were exposed briefly (10 min. RT) to l%.OsO.$ in sodium cacodylate buffer, washed with water (twice for 10 min. RT). treated with 2% uranyl acetate (20 min, RT). and washed again in wafer (three to PMs. which were dehydrated directly after silver enhancement and washing we introduced a second fluorescent marker (TRITC; streptavidin-rhodamine conjugate) by incubating cells that were stained with 7E2 Fv fragment-fluorescein conjugate with strept AV-TRITC (Dianm; Hamburg. Germany). Thus, the fragment binding sites could be detected via the Srrep tag. and the fluorescent signal became strong enough to be registered by photographing in the epifluorescence microscope.
Results
The performance of engineered antibody Fv fragments coupled directly to nanogold particles or fluorescent dyes has been evaluated in localizing membrane protein epitopes by immunoelectron and immunofluorescence microscopy. The recombinant Fv fragments used here (22A5 Fv, 7E2 Fv) were cloned from established and well-characterized hybridoma cell lines (22A5. 7E2), expressed and produced in E. CO/; (10, 12) , purified by Strep tag affinity chromatography (14) . and subsequently covalently coupled to nanogold particles or a fluorescent dye. The pu-rity, binding activity, and identity of the Fv fragments were deter- The 7E2 Fv fragment recognizes the epitope on the subunit I1 of the cytochrome c oxidase as determined by immunoelectron microscopy (12) and x-ray crystallography (11) . This epitope is localized on the periplasmic surface of the inner membrane of the gramnegative bacterium I! denitrlficans (Figure 1 ). The 22A5 Fv fragment was raised against PMs from H. hafobium and binds to an epitope on the cytoplasmic side of bacteriorhodopsin (12) . 7E2 Fv fragment binding is specific and is observed only at the surface of spheroplasts, whereas bacterial cells that still possess their outer membrane do not show any labeling (Figure 1) .
The nanogold-labeled Fv fragment binding sites were visualized in IEM by silver enhancement (Figures la and 2a for fragments 7E2 and 22AS. respectively). The particle size could be controlled by varying the duration of enhancement. The silver-enhanced (Figures 2a) . in which the particle size varied considerably from 3-40 nm, indicating a significant influence of the different sample preparation methods employed. The results of experiments using these directly labeled nanogold-Fv conjugates were compared with those in which the same Fv fragments were used in conjunction with secondary labels (12) . Results were identical regarding efficiency of labeling and location; irrespective of the method used. No unspecific labeling was observed in the controls ( Figures Ib and   2b , respectively), in which P denitrzj5cans spheroplasts were incubated with nanogold-labeled Fv fragment 22A5 (directed against bacteriorhodopsin), and PMs were reacted with the nanogold-labeled (anti-cytochrome c oxidase) Fv fragment 7E2. In a further experiment. we showed that Fv fragments can be coupled directly to a fluorescent label and can therefore be used in light microscopy. After labeling and purification, the binding activity of fluorescein-Fv conjugates was confirmed by ELISA, which monitored the presence of the VH and VL chains independently (data not shown). P denitrificans spheroplasts were labeled in a specific manner by the 7E2 Fv-fluorescein conjugate, just as H. halobium PMs were stained specifically by 22A5 Fv conjugate (Figure 3 nm thick. The surface of the organic shell is functionalized by reactive groups such as maleimide, amino, or N-hydroxy-sulfosuccinimide for covalent coupling to the antibody or antibody fragments (26) . The most commonly used method in IEM is presented in the box on the right. The antigen is localized either directly by a specific gold-labeled antibody or indirectly via a secondary gold-labeled marker such as protein AIG, streptavidin, or a secondary labeled antibody.
Higher resolution favors the use of directly labeled antibody fragments [Fv (12) or Fab (22,2331)], as shown in the lower left and lower middle boxes of the figure, respectively. The Fv fragment can be labeled directly with the 1.4-nm gold labeled as described here or, alternatively, can be detected via the Strep tag fused to the C-terminus of the VH chain in combination with strept AV-TRITC or gold-labeled streptavidin (10, 12, 25) . As another option, the Fv fragment can be visualized through the affinity tag c-myc, which is fused to the C-terminus of the VL chain, in combination with the primary 9E10 antibody and a labeled secondary antibody (not shown; 10, 12, 25) . The indicated sizes are approximations obtained from the literature (20-2431) and X-ray crystallography databases, e.g.. Brookhaven Protein Data Bank fore, immunofluorescence microscopy micrographs complemented IEM results. The fluorescence signal was observed with a light microscope equipped with an epifhorescence device. The weaker signal of the 7E2 Fv-fluorescein conjugate could be amplified by a second marker (strep AV-TRITC) which binds to the Strep tag fused to the VH chain of the 7E2 Fv-fluorescein conjugate (Figure 3a ). With the more sensitive confocal microscope, the second labeling would probably not have been necessary, because the fluorescence signal from 7E2 Fv fragment was visible during the first seconds of illumination but then vanished rapidly.
Discussion
The immunological properties of an antibody containing a fluorescent group were described more than 50 years ago (18), and over the decades milestone improvements in immunocytochemistry, in-cluding the preparation of an electron-dense marker (19), the use of colloidal gold (20,21), a method of producing MAbs (2) , and the development of nanogold particles (22.23) were made. Colloidal gold-labeled antibodies and Fab fragments are the most widely used immunoconjugates in electron microscopy (24). Recently, however, nanogold probes (22.23) for covalent attachment of a better defined label were introduced to overcome the inherent instability of the noncovalently bound colloidal gold label, which is also prone to aggregation. Because the undecagold cluster (0.8-nm gold cluster plus 0.6-nm organic shell z1.4 nm in diameter; Figure 4 ) is invisible in the transmission electron microscope (TEM) and can be visualized only by scanning transmission electron microscopy (STEM) (22). a 1.4-nm gold cluster surrounded by a 0.6-nm organic shell was also marketed by Nanoprobes (23). The overall size is "2.7 nm (Figure 4) in diameter, which is actually the size of reliably producible colloidal gold particles (2-3 nm). Therefore, colloidal gold-labeled Fv fragments and nanogold-labeled Fv fragments should have the same expansion, although the colloidal gold-labeled antibody fragment may not, depending on the instrumentation, have to be silver enhanced for better visualization, since the actual gold cluster is already 2-3 nm in diameter compared to the 1.4-nm gold cluster.
The demand for more precise localization favors the use of antibody fragments or ligands. In addition, a better penetration of the specimen, especially with preembedding techniques, is achieved. Antibody fragments can be cloned from established hybridoma cell lines, prepared by proteolytic digestion, or derived from phage display libraries (8) . Fab fragments produced by proteolytic cleavage of whole antibodies can be coupled to nanogold particles employing several chemical methods, and became a standard in IEM due to the advantages of specificity, the small size, and the covalently linked, stable electron-dense marker (22,23) . When phage or bacterial libraries based typically on synthetic assembly of VDJ regions, the immunological repertoire of naive, preferably conventionally or genetically immunized animals, are used, only antibody fragments (scFv, Fab) will be displayed (8) .
We recently demonstrated the use of antibody Fv fragments in immunocytochemistry (12). These engineered Fv fragments bound to the epitope on the target molecule and were detected with secondary gold-labeled conjugates. Here we demonstrate that antibody Fv fragments labeled directly with nanogold or fluorescent markers provide results identical to those of whole antibodies or secondary labeled antibody Fv fragments in localizing defined antigens on the cellular and molecular level in immunocytochemistry, making additional labeling superfluous in this application. Thus, four functions are localized spatially on a 4-nm x 4-nm x 5-nm Fv fragment, i.e., the antigen binding paratope and the C-ter-mina1 affinity tags (Strep tag and c-myc tag) on opposite sites of the fragment, and the covalently coupled fluorescent or nanogold label distributed randomly among chemically activated groups. This compact, multifunctional molecule is the smallest antibody fragment that retains the same binding affinity compared to the whole antibody molecule (3), and offers versatility in application, i.e., the possibility of double or triple labeling (25) . The recently introduced FluoroNanogold (Nanoprobes), which combines an antibody (fragment), a fluorescent molecule, and a nanogold particle into one small molecular probe, might be another option.
Thus far, the directly nanogold-labeled fragments were visualized after silver enhancement for easy detection, since the small gold particle is nearly invisible in conventional TEM, but increased spatial resolution may be achieved with high-resolution STEM without amplification of the electron-dense marker (22). Standard chemical protocols for covalent coupling of the marker to the antibody (fragment) are unspecific and may inactivate a significant number of paratopes on Fv fragments. Covalent attachment of the label to primary amines, sulfhydryls, or the carbohydrate moiety of the target molecule is common (26) . Because the Fv fragments employed in this study were unglycosylated and had no free thiols, we labeled the Fv fragments using N-hydroxysuccinimide ester chemistry, Furthermore, the C-termini of the VL and the VH chains of the Fv fragment can be engineered genetically to introduce additional primary amines, e.g., lysine residues. Spectroscopically, the majority of Fv fragments bound one gold cluster, but we cannot rule out heterogeneity because the gel filtration process may not fully separate unlabeled Fv, or Fv with more than one crosslinked nanogold cluster, from the main fraction. Therefore, quantitation of antigenic sites requires a better-characterized nanogold-labeled Fv. The maleimide group of the monofunctional undecagold or 1.4-nm gold cluster used by other laboratories specifically reacts with free sulfhydryl groups on Fab (22,23) or possibly W fragments. However, antibody fragments with free thiol functions are difficult to express in prokaryotic ( 2 7 ) and eukaryotic expression systems ( 2 8 ) . In the latter case, glycosylation of Fv fragments has been reported (29) . There are even cases in which free sulfhydryl groups are located in the complementary determining regions of paratopes (30) . In the future, as databases rapidly grow (30) and new options and more versatile tools become available, antibody Fv fragments may represent a good choice regarding speed, cost, and probability of success in solving the problem under investigation.
